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Blood circulation as well as body fluids distribution undergoes significant adaptation during and after space flight. Much study on physiological changes lIDder weightlessness has been p erformed smce the early days of the space program. In particular, cardiovascular research in conjunction with the space shuttle program has included diverse physiological functions affected by the nervous system such as heart rate, blood pressure, hormone release, and respirati on. Th e altered cardiac output due to adaptation during flight and deconditioning after the flight will impact blood circul ation in the human body. Especially, this altered blood supply in the brain and consequent oxygen supply to certain parts of the brain will make nonnegligible impact on long-duration flight. To assess the impact of changing gravitational forces on human space flight, it will . be essential to quantify the fl ow characteristics in the brain under varymg gravity conditions. Analysis of blood circulation in brain as we]] as other parts of human body requires the capability to analyze fl ow in large arteries and capillaries.
In addition to the altered gravitational forces, specific shapes and connections of arteries in the brain vary in the human population (Cebral et al., 2000; Ferrandez et aI., 2002) . Considcring the geometric variations, pulsatile unsteadiness, and moving walls, computational approach in analyzing altered blood circulation will offer an economical alternative to experiments. This paper presents a computational approach for modeling the local blood flow through the human brain under altered gravity. This computational approach has been verified through steady and unsteady experim ental measurements and then applied to the unsteady blood fl ows through a carotid bifurcation model and an idealized Circle of Willis (CoW) configuration under altered gravity conditions.
NUMERICAL APPROACH
The flow through the heart and blood vessels is lIDsteady, viscous, and incompressible. Blood flows through the heart and larger vessels have been assumed Newtonian. For instance, the ewtonianassumed blood flows through artificial heart devices were simlated using the INS3D code (Kiris et aI., 1997) . In the present study, th e flows of interest are assumed non-Newtonian to account for the shear thinning behavior of the human blood. Governing equations are the three-dimensional, unsteady, incompressible Navier-Stokes equations coupled with non-Newtonian models. The solution algorithm is based on the method of artificial compressibility and dual time stepping. Several types of non-Newtonian models were 'implemented into the INS3D code and assessed through steady and unsteady computations. Among them, a Carreu-Yasuda model (Gij sen et aI. , 1999) is adopted for the computation of non-ewtonian flows in the present study. This ASME IMECE 2003-44065 model describes the shear thinning behavior of blood flows with asymptotic apparent viscosities at zero and infinite shear rates.
For moving wall boundaries, a first-order approximate model for arterial wall distensibility is adopted based on the assumption of a thin-walled and linearly elastic channel. Compared with finite element methods (perktold and Rappitsch, 1995; Zhao et al., 2002) , this approach was found to be a standard first-order approximation to the complex behavior of the arterial wall (Steinman and Ethier, 1994) . Embeddin g in and tethering to surrounding structures is thought to reduce th e arterial longitudinal motion to a minimum. In the present stUdy, therefore, blood vessels are asswned to have clfcular, thin and elClstic walls with negligible longitudinal motion. To make the problem computati onally manageable, minor arteries such as arterioles, venules and capillaries need to be truncated. A novel algori~ for o~tfl?W boundary conditions is imposed at the truncated pOSItIons by uulizmg the analogy of arterial branches to electric circuits and . Poiseuille.'s theorem. For the problem with mUltiple outflow boundanes, a hybnd approach is adopted by combining this algorithm with the pressure waveform measurement at a reference point.
An MPI-OpenMP hybrid version of INS3D code has been extended with implementation of those numerical approaches, and computational experiments have been conducted with the parallelized SGI workstation cluster.
RESULTS AND DISCUSSION Effect of Wall Distensibility under Altered Gravity
The blood fl ow through a carotid bifurcation model is computed with the mean flow rate of 8 mlls in the common carotid artery (CCA). The Reynolds number based on CCA diameter is 388. The effect of wall distensibility under different gravity conditions is demonstrated in Fig. 1 . The computed result under rnicrogravity (or approximately in supine posture under nOlmal gravity) is compared with those of both standing and hand-standing cases simultaneously. In standing posture, the normal gravity force or IG applies downward. In hand-standing posture, the gravity app lies toward the head, which is nominally -1 G. The relative diameter change of -lG case to IG case is up to 14 p ercent at the systolic deceleration phase, which approximately corresponds to 41 percent reduced vessel resistance from the Poiseuille's theorem. Wall sh ear stress distributions in Fig. 2 indicate l https://ntrs.nasa.gov/search.jsp?R=20030071233 2020-01-27T04:01:48+00:00Z that the reversed flow region along the sinus of the internal carotid artery (lCA) becomes narrower as the diameter increases. It is observed that the altered gravity has a significant influence on the wall motion and flow patterns throughout the pulse cycle. 
Blood C irculation in Human Brain
To provide the fundamental understanding of gravitational effects on cerebral hemodynamics and the mechanism of collateral circulation in the brain, an idealized CoW configuration was designed based on the statistical anatomy with minor arteries truncated. The mean flow rate through the CoW model is 3.5 ml/s in the vertebrobasilar artery (VB A). The Reynolds number is 240 based on the VBA diameter and the mean inflow velocity. To demonstrate the effects of altered gravity, the computed result under the normal gravity of 1 G was simulated and compared with those under microgravity or zero gravity. For both cases, the total inflow rate through left and right lCAs, and VBA is assumed to be the same because the autoregulation is known to control the blood flow constant regardless of altered pressure to a certain extent. In comparison with the micro gravity result, the normal gravity case shows a maximal contraction of the vessel diameter up to about 12 percent due to the decreased blood pressure in the brain.
Even though one of main arteries in the brain is stenosed or even missing, the distal smaller arteries can receive blood from the other arteries through the CoW. To simulate this interesting mechanism of "collateral circulation" in the brain, the left ICA is presumed 66.7 percent stenosed. It means that only one third of the blood through the right lCA is delivered to the CoW through the left lCA as indicated in Fig. 3 . Unlike the balanced configuration case, the mass flux through the posterior communicating artery (PCoA) is increased to compensate about 22 percent for the deficiency. Also the blood flow through anterior communicating artery (ACoA) is not zero. Instead, the mass flux through the proximal part of the left anterior cerebral artery (ACA) is very low in order to distribute blood to the left middle cerebral artery (MCA) and the left ACA simultaneously. This result demonstrates the mechanism of collateral circulation in the brain.
CONCLUSION
It was noticed that the effect of wall deforrnability on internal flows is remarkably augmented due to the gravity. For the realistic carotid artery model, the wall distensibility has a quantitative influence on the unsteady flow pattern and wall shear stress distribution. In addition, not only the effect of altered gravity on cerebral circulation but also the mechanism of collateral circulation thorough th e CoW were demonstrated. The solution procedure based on parallel computation adopted in this study has shown its capability that can model the multi-scale hemodynamics for the various types of the human circulatory system.
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